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ABSTRACT 
The Characterization and Analysis of In-vitro and Elevated Temperature Repassivation of  
Ti-6Al-4V via AFM Techniques  
Aaron J Guerrero 
Research in the corrosion of orthopaedic implants is a growing research field where 
implants have been known to show adverse effects in patients who have encountered the 
unfortunate dissolution of their implants due to corrosion. Once corrosion begins within the body, 
many adverse biological reactions can occur such as late on-set infections resulting in severe 
health complications. The focus of this research is specifically related to the problem of late on-
set infections caused by localized corrosion of orthopaedic implants. In medical implants today 
the most common form of corrosion protection is the implant materials’ ability to impede 
corrosion through the formation of an oxide layer. This ability to passivate and quickly 
repassivate a uniform and stable oxide layer dictates how well an orthopaedic implant will 
survive in-vivo.  
To better understand the repassivation of orthopaedic implant materials, research was 
conducted at the nanoscale via atomic force microscopy (AFM) on anodized Ti-6Al-4V. Using an 
Asylum Research MFP-3DTM AFM and AFM lithography techniques, nano scratch test methods 
were created simulating in-vitro surface repassivation conditions. These nano-scratches were 
created and characterized in Hank’s balanced saline solution (HBSS) with the AFM in contact 
mode at 1 and 3 Hz scan rates.  HBSS was used as it best simulates the pH, ionic compounds, and 
constituents that are commonly found in blood. It was discovered that the AFM was successful in 
creating in-vitro repassivation conditions. However, the ability of the AFM to successfully 
observe repassivation was limited by the speed of the AFM scanner.  
Using the same AFM scratch methods, experiments were performed in air and in-vitro 
and characterized with AFM conductance measurements at 20, 37, & 45 °C. The conductance 
measurements were taken using an AFM conductance module and allowed for observations of 
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decreasing current measurements over time. The current data was then used to calculate current 
density, resistivity, conductance, and electron mobility and compared to similar experiments  
This study highlights the ability of the AFM to create and characterize repassivation and 
shows promise in developing further capability to use the AFM for characterization of 
repassivation on the nanoscale.  
 
Keywords: Orthopaedics, late on-set infections, repassivation, AFM, lithography, conductive 
measurements. 
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1. INTRODUCTION 
Metallic alloys have many uses in orthopaedic devices. Of these alloys used in devices, the 
most commonly found metals are stainless steel, cobalt chromium, and titanium alloys. The 
success of these alloys is due to their inherent ability to resist degradation in-vivo as well as 
minimize host immunological foreign body responses (FBR). This natural ability of corrosion 
resistance and biocompatibility is primarily due to the alloys capacity to form a protective inert 
oxide layer that prevents them from causing adverse reactions and further oxidizing. The 
excellent biological inertness and corrosion resistance ability are direct consequences of the 
chemical stability and structural integrity of the oxide layer. This ability of an oxide to self-heal 
(repassivate) is also critical in long term changing environments due to the dynamic nature of 
orthopaedic implants continuously being exposed to forces during joint articulation. With such 
demanding environments, late on-set infections have emerged as a relatively new problem 
associated with the corrosion of orthopaedic implants. To date, the study of passivation and 
repassivation has mostly neglected the effects of implant corrosion and its immunological FBR’s 
to cause late on-set infections. Therefore, since this passive layer plays such a vital role in the 
biocompatibility of an implant, it is of critical importance to understand the ability of this film to 
passivate and repassivate in-vivo. 
In an effort to further define the problem of late on-set infections, this thesis will focus on 
assessing in-vitro nano-repassivation of Ti-6Al-4V. Providing a framework for future research on 
the poorly defined problem of late on-set infections related to implant corrosion. Through in-vitro 
atomic force microscopy (AFM) scratch test methods, the development of experiments that more 
closely emulate conditions of in-vivo joint articulation were performed. The AFM was used to 
create nano-scratches using AFM lithography techniques. Simultaneously, the AFM was also 
used to characterize the changes in current measurements over time to capture the kinetics of in-
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vitro repassivation. The characterizations of thermal effects of oxide growth and electron mobility 
were also evaluated for possible effects on repassivation.  
1.1 Metallic Orthopaedic Implants 
Orthopaedic medical devices over the years have restored mobility, reduced pain and have 
improved the quality of life for many people with musculoskeletal diseases and orthopaedic 
trauma. The majority of orthopaedic devices are used in total joint arthroplasty (TJA) and fracture 
fixation devices based on global sales of all devices in 2000 (Long, 2008). TJA devices are most 
commonly used for implants of the hip, knee, ankle, shoulder, elbow, wrist, and fingers. Fracture 
fixation devices include a variety of devices and hardware components that include: spinal 
fixation devices, plates, wires, pins, screws, as well as other reconstructive devices.  
For TJA and fixation devices the primary materials of choice are often metals. Metals are 
attractive in TJA and fixation devices due to properties such as: biocompatibility, low cost, 
manufacturability, high elastic modulus, tensile strength, ductility, and corrosion resistance 
(Wang, Currier, & Yaszemski, 2006). Of the metals readily available for orthopaedics, ASTM 
F1472 Ti-6Al-4V has been identified to be superior to other alloys because its elastic modulus 
(Figure 1.1) is most similar to the replaced biological load bearing structures like cortical bone. 
This paper focuses on ASTM F 1472 Ti-6Al-4V using AFM techniques to study the properties of 
corrosion and the kinetics of nano-repassivation. 
 
  
1.2 Orthopaedic Infections
There are many factors that can be associated with 
orthopaedic infections are classified into three stages:
weeks), and late (more than 10 weeks) infections 
orthopaedic surgical procedures are often invasive and 
placement of the implant. The large open wound
contamination as well as biofilm adherence 
biomaterial-associated infections are difficul
of the implant is the only remedy 
Busscher, 2001). After the device
where immunological FBR’s cause macrophages to adhere to the surface 
Sumita, Yamamoto, & Hanawa, 2000)
implant with FBR’s, adverse biological reactions can result in infections and implant failure
(Jacobs, Gilbert, & Urban, 1998)
In addition to the triggering of
late on-set infections. Corrosion of an implant is caused by localized mechanical or chemical 
 
Figure 1.1 Elastic modulus of common biomedical alloys in comparison to cortical bone.
Ti-6Al-4V ASTM F1472
3 
 
orthopaedic infections. In general
 early (less than two weeks), delayed (2
(Trampuz & Zimmerli, 2006). 
create large areas of trauma during the 
s allow for the possibility of microbial 
to implant surfaces that can lead to infections
t to cure with antibiotics; in many cases replacement 
(Van de Belt, Nuet, Schenk, Van Horn, Van der Mei, & 
 is implanted within the host it is recognized as a forei
(Mu, Kobayashi, 
. If after a period of time the host continues to reject the 
.   
 FBR’s, the presence of corrosion has also been 
 
 
, 
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The majority of 
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shown to cause 
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stresses that inherently remove a protective oxide layer that all orthopaedic implants rely on. With 
the removal of this protective oxide layer the metal becomes reactive with its environment 
resulting in continued corrosion and the triggering of immunological FBR’s. If corrosion 
continues, the localized effects can lead to the lowering of pH and the increase in temperature that 
are conducive to infection as well as the rate in which corrosion will occur.  
  
1.2.1 Microbial Contamination 
The pathogenesis of infection is related to microbial contamination that can grow in biofilms 
known as glycocalix, making it difficult to eliminate all adsorbed microbes (Khan, Rehman, Ali, 
Sultan, & Sultan, 2008), (Gristina & Costerton, 1985). On these biofilms, micro-ecosystems 
allow microbial strains to cultivate and adhere to implants during implantation or revision 
surgeries (Van de Belt, Nuet, Schenk, Van Horn, Van der Mei, & Busscher, 2001). Once the 
microbe has established itself on an implant it is often difficult to remove as the glycocalix film 
acts as a protective layer that prevents the microbe from host immune responses and 
environmental attacks (Costerton, et al., 1987). With the presence of these biofilms, in many 
cases postoperative urogenital tract infections or dental treatments can introduce microorganisms 
into the host. Once in the host they can be transported by the blood stream where they can find 
their way to implant sites incubating biofilms and resulting in late on-set hematogenous infections 
(Stinchfield, Bigliani, Neu, Goss, & et al. 1980),(Van de Belt, Nuet, Schenk, Van Horn, Van der 
Mei, & Busscher, 2001). The development of these infections is influenced by many factors 
relating to the following: type of operation, operating room environment, and pathogen type. The 
pathogens that are predominately found in orthopaedic infections are staphylococci epidermidis 
and aureus, propioibacterium, anaerobic peptococci, and streptococci (Lecuire, Gontier, Carrere, 
& al., 2003),(Tezer, Kuzgun, Hamzaoglu, Ozturk, Kabukcuoglu, & Sirvanci, 2005),(Soultanis, 
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Mantelos, Pagiatakis, & Soucacos, 2003),(Van de Belt, Nuet, Schenk, Van Horn, Van der Mei, & 
Busscher, 2001). 
 
1.2.2 Foreign Body Responses (FBR’s) 
The foreign body reactions begin as wound healing, including the accumulation of fluid at the 
site of injury, infiltration of inflammatory cells to debride the area, and the formation of 
granulation tissue. However, the persistent presence of a biomedical implant or microbial 
contaminant will inhibit full healing. Even titanium, a commonly used biocompatible material, is 
considered a foreign body to which a host response is inevitable to some degree. Therefore, rather 
than the resorption and reconstruction that occurs in wound healing, the foreign body reaction is 
characterized by the release of macrophages, formation of foreign body giant cells, encapsulation 
of the foreign object, along with continued chronic inflammation at the surface interface of the 
material (Mu, Kobayashi, Sumita, Yamamoto, & Hanawa, 2000). The detailed sequences of 
cellular events are beyond the scope of this paper. Therefore, a basic description of the cellular 
events include: protein adsorption, monocyte/macrophage adhesion, and macrophage fusion into 
foreign body giant cells. These interactions between the biomaterial, and the cellular 
communication amongst the present cells around the implant, dictate the overall host response 
and outcome of the patient (Anderson, Rodriguez, & Chang, 2008).  
FBR’s can be influenced by ions being released due to corrosion of an implant. In a study 
performed by Mu et al. (2000), it was discovered that active oxygen species generated by 
macrophages are clearly a cause of ion release from the corrosion of titanium. With the 
accumulation of these macrophages a “respiratory burst” is created where the local environment 
surrounding the implant is saturated with oxygen species of the form of H2O2. This species is 
highly oxidative thereby increasing the rate of release of ions (Mu, Kobayashi, Sumita, 
Yamamoto, & Hanawa, 2000). With the presence of corrosion by-products in the body it is also 
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known that proteins can affect the corrosion behavior of metals and can either inhibit or 
accelerate corrosion (Khan, Williams, & Williams, 1999),(Mu, Kobayashi, Sumita, Yamamoto, & 
Hanawa, 2000). Just as the protective oxide layer provides kinetic barrier, the adherence of 
proteins will also contribute to this barrier and contribute to the inhibition of corrosion.  
 
1.2.3 Late On-Set Orthopaedic Infections  
For orthopaedics, late on-set infections can result in greater surgical problems. Since implant 
removal is not always easy, it can cause patients to experience severe pain and discomfort (Van 
de Belt, Nuet, Schenk, Van Horn, Van der Mei, & Busscher, 2001). In 1993, the overall annual 
cost of orthopaedic implants associated with infection ranged between $150 and $200 million 
dollars in the US (Sculo, 1993). In the past, many of these late on-set infections were commonly 
associated with microbial contamination or intra-operative seeding. Today, despite the 
advancement of intra-operative antibiotic prophylactics, strict hygienic protocols, and special 
sterile enclosures, orthopaedic surgery infection rates still range from 1% to 3 % (Antti-Poika, 
Jofefsson, Konttinen, Lidgren, et.al, 1990). It has also been shown that as devices become more 
complicated such as with spinal arthrodesis treatments, postoperative infection problems increase 
to an 8.5 % infection rate (Soultanis, Mantelos, Pagiatakis, & Soucacos, 2003). These increased 
rates can be associated to the device having multiple fasteners and multiple surface interactions 
making it susceptible to fretting corrosion.   
With the presence of metal fretting corrosion at device interfaces along with local peri-
implant foreign body-type granulomatous (giant body cell) reactions sterile abscess and sinus 
formation can occur and later supply the environment for microbial growth (Gaine, Andrew, 
Chadwick, Cooke, & Williamson, 2001). These localized corrosive environments, along with 
cellular responses is believed to be the cause of multiple cases of late on-set infections. Through 
the incubation of microorganisms the development of late deep wound infections is a more 
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common occurrence resulting in patient discomfort, pain, and even paraparesis (Tezer, Kuzgun, 
Hamzaoglu, Ozturk, Kabukcuoglu, & Sirvanci, 2005). 
  Lastly, it has been shown that the potential of microbial seeding during surgical procedures, 
implant corrosion, adherence of biofilms, or any combination of these conditions have shown to 
contribute to late on-set infections 1-7 years postoperatively (Akazawa, Minami, Takahashi, 
Kotani, Hanawa, & Moriya, 2005);(Gaine, Andrew, Chadwick, Cooke, & Williamson, 
2001),(Tezer, Kuzgun, Hamzaoglu, Ozturk, Kabukcuoglu, & Sirvanci, 2005);(Soultanis, 
Mantelos, Pagiatakis, & Soucacos, 2003) (Jacobs, Gilbert, & Urban, 1998),(Hallab, Merritt, & 
Jacobs, 2001).  
 
1.3 Metallic Orthopaedic Corrosion Overview 
Metals, aside from all their successes and benefits, are still susceptible to adverse effects. Of 
these risks, corrosion of metallic implants is a major concern. In general, corrosion is the 
chemical or electrochemical reaction between a metal and its environment that results in the 
deterioration of a metal and its properties (Jones, 1996). The corrosion of orthopaedic devices is a 
complex multifactorial phenomenon that is affected by solution-chemistry, metallurgical, 
geometric, and mechanical parameters. In general, there are two main solution-chemistry factors 
that determine how and why a metal corrodes. The first factor is the thermodynamic driving 
force, also known as Gibbs free energy. The second factor that affects the solution chemistry is 
the kinetic barriers that can limit the rate of the corrosion reactions. Overall, these degradation 
processes can release degradation by-products that cause adverse biological reactions to the host 
(Jacobs, Gilbert, & Urban, 1998). 
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1.3.1 Electrochemistry of Corrosion 
The fundamental reactions of corrosion are the electrochemical processes that involve the 
transfer of electrons from a metal to its surrounding environment. These reactions are commonly 
referred to as oxidation and reduction reactions. In the oxidation reaction, electrons are created 
and can be represented with reaction (1) where M represents a metal species with n valence 
electrons, and e- indicates a free electron (Temenoff & Mikos, 2008).  
M → M n++ ne-     (1) 
In a corrosion cell or corrosive environment the site on the metal where oxidation occurs is called 
the anode and is also referred to as the anodic reaction in the corrosion cell. Conversely to the 
oxidation site, the location where reduction reactions occur is referred to the cathodic reaction. 
The cathodic reactions are dependent on the environment that they are subject to. For example if 
the environment is acidic as can be the case around orthopaedic devices where inflammatory 
responses are present then, H+ ions are reduced to form hydrogen gas:  
2H +2e-→ H2     (2) 
In addition to the acidic environment, the human internal environment is rich in dissolved 
oxygen, which can also result in cathodic reactions where oxygen is reduced in acidic (3) or 
neutral environments (Temenoff & Mikos, 2008): 
O2 +4H+ +4e-→ 2H2O     (3) 
O2 +2H2O +4e-→ 4(OH-)    (4) 
In orthopaedic corrosion, the combination of the anodic and cathodic reactions cause the metal to 
react as in reaction (1) where the metal is dissolved by giving up electrons. These electrons then 
migrate to the materials surface and react with the H+ in the environment to form H2 through 
reaction (2) (Figure 1.2). With a decrease in pH, which commonly occurs due to infection, the 
presence of H+ is increased where increased rates of corrosion can take place. 
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 In a corrosion cell, in order for ions and electrons to readily move throughout these reactions, a 
fluid or electrolyte is required to carry these ions (Mn+ and H+) allowing charge transfer to 
occur. Once these free ions are released from the metal during anodic reactions, the ions can 
migrate from the metal surface and can lead to the formation of metal oxides, metal chlorides, 
organometallic compounds or other chemical species (Figure 1.2) (Jacobs, Gilbert, & Urban, 
1998).  
1.3.2 Thermodynamic Driving Force of Corrosion 
The thermodynamic driving force known as the Gibbs free energy (∆G) can be calculated with 
Equation 1.1 where ∆Gred is the free energy for the reduction reaction, ∆G° is the standard state 
free energy (calculated at 25 °C with .1 MPa partial pressure of all gases used and 1M aqueous 
solutions), R is the universal gas constant, T is absolute temperature, and the bracketed values are 
the concentrations of the species involved in the reaction (Jacobs, Gilbert, & Urban, 1998). 
During fretting corrosion the concentration of species is increased, which can result in increased 
corrosion activity. 
   ∆Gred = ∆G°+ RT ln ([M]/[Mn+][e- ])     (1.1) 
 
 
 
Figure 1.2 Diagram of metal M dissolution where metal ions Mn+ are released into solution and 
metal electrons are consumed by the reduction of H+ to H2. 
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(∆G) provides the energy needed for corrosion (oxidation and reduction reactions) to occur. For 
example, if the ∆G for a metal is negative then oxidation occurs spontaneously and the metal will 
begin to corrode. If the ∆G is positive then the reactions become reductive and metal begins to 
gain electrons. When the ∆G is zero, this is the state in which the metal is in an equilibrium state 
and no corrosion occurs. Along with the free energy, there is an electric potential that is created 
across the metal-solution interface. This potential is a measure of the reactivity of the metal and 
can be used to determine the amount of driving force for metal oxidation to occur. Standard state 
electrode potentials such as Table I, show the electrical potential of the reduction reactions a 
given material. For metals, the more negative the potential in a solution, the more reactive it will 
be (Jacobs, Gilbert, & Urban, 1998). According to Table I. as electrical potential becomes more 
positive the metal becomes more noble indicating that there is little or no driving force for 
corrosion. Titanium on the other hand has a negative potential indicating that it would be 
susceptible to corrosion in an in-vivo environment. However, with such a high driving force its 
reactivity with an oxygen rich environment is the reason it is able to form a protective oxide 
layer. 
 
1.3.3 Passivation 
Passivation, or passivity of a metal, is caused by the formation of a thin, protective, hydrated 
oxide, corrosion-product surface film that acts as a barrier to the anodic dissolution reactions 
Table I. Electrochemical series for selected metals (Jacobs, Gilbert and Urban) 
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(Jones, 1996). Most alloys used in orthopaedics rely on these passive films to prevent oxidation 
from taking place (Jacobs, Gilbert, & Urban, 1998),(Hallab, Jacobs, & Katz, 2004). These passive 
films commonly referred to as kinetic barriers, physically prevent the transport of metallic ions 
and electrons across the metal-solution interface. This unique oxide property of these materials 
limits the electronic exchange between the electrolyte and the metal preventing charge transfer 
and corrosion from occurring. In comparison to materials such as low carbon steels, electron 
tunneling occurs between the surrounding electrolyte and metal through the oxide and therefore, 
continuously corrodes (Schultz & Hassel, 2003). If titanium did not have such a high surface 
energy and a high affinity to readily react with oxygen to form a passivation layer, it would react 
violently with the surrounding environmental chemical species until it reverted to its simplest 
ionic form (Jacobs, Gilbert, & Urban, 1998). Thus, because of the role played by the passive 
oxide film of titanium it is important to consider any mechanical and tribological factors that can 
cause the oxide film to be abraded or fractured as oxide removal due to fretting and micro motion 
can result in corrosion (Jacobs, Gilbert, & Urban, 1998),(Hallab, Jacobs, & Katz, 2004).  
 1.3.4 Repassivation (Macroscale) 
Repassivation is the active-passive corrosion behavior, which is the combination of active 
corrosion and passivation. Repassivation in orthopaedic applications can exist when stresses are 
applied to an existing passivated oxide film to the point where the amount of stress can expose 
the unoxidized base metal. At the instance that the oxide is removed a large driving force is 
created by the presence of a high negative electric potential between anodic exposed area and 
cathodic oxide regions on the surface. This large driving force causes the oxidation of the metal 
and corrosion to occur momentarily until the oxide layer is restored. According to Hallab et al. 
(2004) the extent and duration of the oxidation depends on the formation kinetics of the oxide 
film and is dependent on the metal species and corresponding electric potentials as noted in Table 
I. In an oxygen rich environment such as the human body it has been shown that Ti-6Al-4V alloy 
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spontaneously forms a passive oxide layer that is predominately TiO2 and is approximately 2-7 
nm in thickness (Milosev, Hukovic, & Strehblow, 2000). It has also been found that titanium 
repassivation layers tend to be different from the native oxide layer; due to the incorporation of 
ions within the surrounding environment (Geetha, Singh, Asokamani, & Gogia, 2009). The oxide 
films react with the electrolyte and are found to undergo partial dissolution and reprecipitation 
causing the oxide composition to change with its environment (Takao, 2002). If this process of 
repassivation occurs in a cyclic pattern, where the metal alternates between active and passive 
corrosion, then the process is known as fretting corrosion. Fretting, is commonly found in all load 
bearing orthopaedic applications due to their multiple surface-to-surface interface interactions. 
These interfaces are susceptible to micro motion and over time can develop into fretting 
corrosion, where the generation of ions and wear debris can result. Once fretting becomes 
present, these foreign particles can find themselves in the local periprosthetic tissue where it is 
known to be of clinical concern to cause FBR’s and infections (Hallab, Jacobs, & Katz, 
2004),(Hallab, Merritt, & Jacobs, 2001),(Geetha, Singh, Asokamani, & Gogia, 2009). 
 
1.3.5 Repassivation (Nanoscale) 
Nanoscale repassivation is related to the nanostructures of a material and their protective thin 
layers that create corrosion conditions at the nanoscale. At the nanoscale, corrosion can occur 
layer by layer via a step-flow mechanism and slow etching rates (Maurice & Marcus, Corrosion 
at the Nanoscale, 2009). Nanoscale studies have also shown that passive films are crystalline, 
where in the past they were thought to be amorphous (Maurice, Talah, & Marcus, 1994). This 
crystallinity plays a role in the substrate structure and surface hydroxylation on the crystalline 
structure (Schultz & Hassel, 2003). Surface roughness in addition plays a large role in the affect 
of surface energy on the surface. As a materials surface becomes rougher, the available surface 
energy generally decreases. This decreases the surface energy at the surface and increases the 
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hydrophobic properties of the surface. Another large contribution to the affects of repassivation at 
the nanoscale is surface charge and surrounding particle charges at the surface. At the nanoscale 
as size decreases from the macroscopic limit towards nanoparticles and nanoclusters, properties 
exhibit a continuous evolution related to the growing importance of the surface and shape of the 
nanoparticles (e.g. closed-packed, cubic, facetted, etc…) without qualitative change in the 
electronic structure (Brechignac, Houdy, & Lahmani, 2006). These properties below a critical 
size become more likely to change in the bulk itself, thereby affecting the nanoparticle or cluster 
as a whole (Spiegelman, 2006). These affects are due to the nature of the atomic structure, which 
must now be taken into account explicitly and partly due to the quantum nature of the electrons 
and ions participating in the chemical reactions. In addition to these effect of surface charges 
changes in pH can create conditions that are acidic as commonly associated with in-vitro 
corrosion and infection. In this acidic condition an abundance of H+ ions can contribute to the 
affects of nanoparticle and nanoclustering and overall affect the chemical reactions at the surface 
of a repassivating implant.  
 
1.3.6 Oxide Growth Models 
However, as mentioned earlier, repassivation has been studied in detail on the macro and 
microscales. Such studies have developed oxide film growth models that have been theorized to 
model the kinetics of repassivation. Models such as the Ambrose model states that; as freshly 
exposed metal surfaces begin to grow an oxide film, the area fraction covered by the oxide, Θ 
increases with time (Ambrose, 1983).  Assuming that film thickness is constant, current 
associated with film growth can be written as 
 
ifilm = [δρzFAo]/ [MW] [dΘ/dt]    (1.2) 
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δ is oxide thickness, ρ is density of the oxide, z is charge per cation, F is Faraday’s constant, Ao is 
scratch area, and MW is molecular weight of the oxide. This model was then modified by Gilbert 
et al. where it was predicted that the total repassivation current was broken up into two separate 
current paths that describe oxide film growth Equation (4.5) and ionic dissolution Equation (4.6).  
 
    idiss =jcrit Ao (1-Θ) exp[ηd/ba]    (1.3) 
 
The model assumes Tafel-like behavior, where ba is the Tafel slope for dissolution, ηd is the 
over potential for the dissolution reaction, jcrit is critical current density for passivation, and (1- Θ) 
is the area fraction of exposed metal.  Therefore, the summation of Equation (1.2) & (1.3) can be 
used to describe repassivation of an oxide film with measured peak currents, measured time 
constant for repassivation, known oxide film thickness, sample over potential, and exchange 
current density for a given ionic solution (Equation 1.4) (Goldberg & Gilbert, 1998).  
 
itot =[δρzFAo]/[MW][dΘ/dt] + jcrit Ao (1-Θ) exp[ηd/ba]  (1.4) 
 
1.3.7 Previous Studies of Orthopaedic Repassivation 
The investigation of oxide fracture and repassivation of titanium has been performed in the past 
using novel scratch test methods while being submerged in a saline solution and potentiostatically 
held (Gilbert, Buckely, & Lautenschlager, 1996). In these studies the authors were able to collect 
and estimate the current excursion and time constants for repassivation. During these experiments 
Gilbert et.al also considered the effects of the applied loads during oxide fracture, sample 
potentials, pH differences, and aeration during experiments. In their conclusions, it was observed 
that pH and applied potential had significant effects to higher open circuit potentials (OCP), 
which was also correlated to a higher repassivation rate. In a similar study repassivation was 
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observed looking at OCP achieved during mechanical abrasion in buffer solutions and bovine 
serum with varying pH (Contu, Elsener, & Bohni, 2004). Much like in the first study mentioned, 
the authors discovered that as acidity and mechanical abrasion load increased, OCP increased 
relating to an increase in repassivation rates. Experiments were also performed in a protienaceous 
bovine serum under physiological pH conditions. There it was found that repassivation was not 
affected by the presence of proteins, but did show that commercially pure titanium repassviated 
more quickly than Ti-6Al-4V based on the OCP and lower critical current densities were 
observed in each condition. However, the explanation of the higher repassivation rate in 
commercially pure titanium could not be explained and only suggested that epitaxy of the oxide 
layer was altered by the compositional differences in the microstructure. 
In addition to observing repassivation through electromechanical experiments on the macro and 
micro scale, many studies have been performed investigating what types of oxides are reformed 
during repassivation. In one study electrochemical oxidation was performed on Ti-6Al-4V in 
physiological solutions where the samples were removed and the oxides (passivated films) were 
observed and characterized using X-ray photoelectron spectroscopy (XPS) and electrochemical 
impedance spectroscopy (EIS) (Milosev, Hukovic, & Strehblow, 2000). The observations 
compared air-exposed oxides to the varied electrochemical oxidation conditions and observed 
that the oxides are primarily TiO2. It was also observed that amounts of TiO and Ti2O3 suboxides 
decreased as electrochemical potentials were increased. In addition to the decreased suboxides, as 
potentials increased it was observed that Al2O3 increased in the outer oxide layer.  
Apart from the studies described here, there has been little published work to date examining 
repassivation and its effects on the nanoscale; however, the abundant investigations at the macro 
and micro scale do offer insight to in-vitro repassivation and corrosion.  
  
1.4 Atomic Force Microscopy (AFM): Method to Inve
Atomic force microscopy (AFM) is a form 
touch with a cantilever to dete
person reads brail through the sensatio
the specimen and is physically move
beneath the tip. The movement or deflection of the probe is then translated by bouncing a laser 
off a focused mirror onto the back of the surface of the probe and recorded using a four
photo detector. Figure 1.3 shows a more detailed 
concept works with the combined cantilever
an extremely accurate feedback loop 
of measuring small forces on a local scale, 
measurements, performing surface characterizati
environments to investigate biological samples
Figure 1.3 Beam bounce concept of how an AFM works
AFM tip is translated across a substrate.
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general description of how the beam bounce 
 tip, laser, four-quadrant photo detector, 
to provide data and 3D images. The AFM has the potential 
performing nano-lithography, conducting current 
on, and can be applied to simulated
 (Asylum Research, 2009). 
  
 to record topographical and force data as the 
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-quadrant 
z-piezo and 
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17 
  
 1.4.1 AFM Imaging Modes  
In general the AFM can operate in dynamic (AC-mode) and contact modes with sub nanometer 
resolution capabilities. With either mode the cantilever tip is deflected in response to the 
interaction forces between the tip and the substrate. The deflection is then quantified and 
translated using the beam bounce concept as mentioned previously. In contact mode the 
cantilever tip is set at a predetermined deflection and is continuously controlled as it rasters 
across the substrate. Dynamic mode, or AC mode, is a more delicate approach to imaging where 
the cantilever is oscillated at a frequency bouncing the cantilever across the substrate. In this 
mode, instead of setting a predetermined deflection, a set amplitude is held as the tip is rastered 
across the substrate.  
 1.4.2 Nanolithography 
Lithography and manipulation capabilities have been around for quite some time on the 
microscale, especially in the microfabrication industry. It was in 1990 when IBM first used the 
scanning tunneling microscope (STM) to spell out IBM with manipulated Xe atoms (Eigler & 
Schweizer, 1990). Today, AFM nanolithography is being utilized in applications including 
surface scratching, patterning (Figure 1.4), localized surface oxidation, nanotube particle, 
molecular manipulation and many other applications (Asylum Research, 2008).  
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AFM scratching and nano-patterning of silicon substrates has been a growing research topic in 
the microfabrication industry to scratch insulating layers using the tip, or micro-indenter, of an 
AFM (Santinacci, Zhang, & Schmuki, 2005). Santinacci et al. (2005) used AFM techniques to 
create nano-scratches on Si oxide substrates using several loads. After patterning the silicon 
oxide, the scratches were refilled with a metal deposition process in attempts to create integrated 
circuits or nano wires. It was concluded that with AFM patterning, 50 nm groove geometries 
provided well-defined metallic structures on silicon surfaces within several hundred nm 
resolution (Santinacci, Zhang, & Schmuki, 2005).  
AFM nano-scratching and indentation has also been used to investigate the possibility of 
measuring ultrathin film mechanical properties. Authors Crozier et al. (2000) developed 
techniques to evaluate and measure film thickness, flow stresses, and stiffness of the films 
(Crozier, Yaralioglu, Degertekin, Adams, Minne, & Quate, 2000).  
Although useful, AFM nano-scratching was shown by Khurshudov et al. (1996) that the 
integrity AFM tips during scratching were susceptible to degradation during repeated scratching 
and imaging. With performed nano-scratches it was observed that scratch depth decreased with 
 
 
Figure 1.4 Surface manipulations on a polycarbonate substrate using AFM nanolithography software and 
Olympus AC 160TS cantilever (10 µm scan). 
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the number of cycles and increased material hardness, more tip wear, and wear rates were present 
(Khurshudov, Kato, & Koide, 1996). 
 
1.4.3 Conductive AFM 
Conductive AFM is another SPM method that uses standard AFM techniques with a special 
cantilever holder. In this technique the AFM uses a transimpedance amplifier that allows for point 
contact electrical measurements using a metal coated or heavily doped tip. This tip serves as both 
a movable electrode, and force sensor allowing for useful material characterization applications. 
Conductive AFM allows for simultaneous mapping of the topography and current distribution of 
a sample with current measurements in the range of hundreds of femtoamps to nearly a microamp 
(Asylum Research, 2009). This capability has led to numerous studies of current-voltage 
characterization of many materials. Zorba et al. (2001) performed I-V measurements as a function 
of applied tip force on semiconductive pentace. Showing that steady electrical point contact 
between the conductive tip and sample provided reproducible I-V measurements as varying 
forces were applied (Zorba, Watkins, Yan, & Gao, 2001). Similarly, I-V curves as a function of 
loading force on europium doped ZnO showed current measurements increased with increasing 
applied force (Asylum Research, 2009). Conductive AFM has been proven to be an indispensable 
technique to study morphological, electronic and material properties with high spatial resolution 
(Zorba, Watkins, Yan, & Gao, 2001).  
In addition to current measurements of conductive AFM systems, the use of conductive 
cantilevers and probes has led to production of stoichiometric oxides through local anodic 
oxidation with the tip (Cambel & Soltys, 2007). Lazzarino et al. (2006) also created oxide 
structures in contact mode over gallium substrates where the substrate was grounded and a bias 
was applied through the tip. Conductive AFM has also been used to perform local oxidation and 
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take measurements of faradic current or oxide reaction current (Yasushi, Yasuyuki, Genta, 
Tsutomu, & Jun-ichi, 2007).  
 
 1.4.4 AFM in Fluids 
The AFM is not limited to use in air; it can also be operated in liquids. The ability to function in 
fluids allows for the investigation of many surface-fluid interactions including those seen in 
biological samples. The use of fluids for most samples also eliminates the capillary forces that 
can affect the tip when imaging in air (Weisenhorn, Hansma, Albrecht, & Quate, 1989). The fluid 
imaging capabilities of the AFM are also aided with the development of closed fluid cells and 
temperature controlled Petri dishes. These devises, such as the Asylum Research Petri Dish heater 
stage, allow for temperature control of biological samples within 0.1 °C and temperature ranges 
from 20 °C to 45 °C (Asylum Reseach, 2008). The control of biological assemblies using AFM 
accessories has led to imaging and manipulation of biological samples at the nanoscale. Some 
examples include: the exploration of nano-manipulation of chromosomal DNA for genetic 
analysis, the disruption of antibody-antigen bonds, the dissection of biological membranes, nano-
dissection of protein complexes, and the controlled modulation of protein conformation (Fotiadis, 
Scheuring, Muller, Engel, & Muller, 2002). Such studies have been valuable for many areas of 
research and with continued advancement can provide insight on other biological interactions.  
 
1.5 Project Objectives 
Recent findings on the frequency of late on-set infections occurring in orthopaedic patients 1-7 
years postoperatively encouraged by implant corrosion requires further investigation of in-vivo 
repassivation to prevent delayed infections. Therefore, the goal of this research is to investigate 
AFM techniques to create simulated in-vitro nano-repassivation conditions as well as characterize 
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repassivation on the nanoscale to better understanding in-vitro corrosion. The AFM techniques to 
be explored include:  
 
1. Demonstrate the feasibility to create nano-repassivation conditions, as well as the 
ability to characterize in-vitro nano-repassivation via AFM techniques 
2. Demonstrate the ability to characterize nano-repassivation in air, with the use of 
conductive AFM techniques  
3. Demonstrate the ability to characterize in-vitro nano-repassivation with the use of 
conductive AFM techniques 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
2.1 Experimental Overview
 ASTM F 1472 standard grade Ti
nano-repassivation scratch test experiments and identified as
conductive AFM (C-AFM) experiments
designated sample holder boxes throughout the completion of the experiments. 
the prepared oxide substrates were altered through means of nanolithography 
cantilever tip in the pattern of 
samples were then characterized pre and
The data from the IV-AFM 
under in-vitro physiological conditions
(z-sensor) scans, effects of repassivation
module was used to characterize electrical conductance to observe the effects of 
 
Figure 2.1 Experimental scratch simulation showing how the Asylum Research MFP
MicroAngeloTM lithography software was used to create scratches on Ti
vitro AFM and CAFM experiments.
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2. MATERIALS AND METHODS 
 
-6Al-4V samples were divided equally into two different 
 In-vitro AFM (IV-
. During testing all samples were kept separated in their 
via 
a single line approximately 6 µm in length (Figure 2.1
 post scratching via AFM techniques. 
experiments allowed for the observations of repassivation on the nanoscale 
. With the characterization of the substrate using 
 were observed. In the C-AFM experiments, a conductive AFM 
repassivation
 
-6Al-4V samples for both 
 
AFM) and 
In all experiments 
an AFM 
). All 
 
AFM topography 
 pre and post 
 
-3D AFM and 
in-
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scratching in air at several different temperatures and in-vitro.  Table II shows a summary of all the 
experiments performed and shows their differences and similarities between experiments.  
 
2.2 Materials 
Ti-6Al-4V material was donated by Beaumont Hospital Orthopaedic Research Center in Royal 
Oak Michigan. Before testing, the composition of the material was confirmed by energy 
dispersive X-ray spectroscopy (EDS) as 85.5 At% Ti, 11.1 At% Al, 3.4 At % V and 89.7 Wt% Ti, 
6.5 Wt% Al, 3.8 Wt% V which is in accordance to ASTM F1472 grade titanium alloy.  
The Ti-6Al-4V used is a α-β titanium alloy. In this class of titanium, it contains an α-stabilizing 
(aluminum) and β-stabilizing (vanadium) element. The overall structure is hexagonal closed 
packed (HCP), but the microstructure depends on the chemical composition, processing history, 
and thermal treatment. According to ASTM F 1472 this alloy is generally heat treated above 1000 
°C to stabilize the β-phase and then quenched in oil to create the two phase structure. When 
quenched the microstructure becomes a martensitic α-phase structure consisting if individual 
Table II. Summary of testing conditions for IV-AFM and C-AFM experiments 
 
Scan Rate 
# of 
Experiments Temp C Sample # 
Cantilever Scan size 
(µm2) 
IV-AFM      
1 Hz (4.5 min/scan) 3 37 1 PPP-NCVH 10 
3 Hz (1.4 min/scan) 2 37 1 PPP-NCVH 10 
          
C-AFM (A) (in-air)      
2 Hz (2.13min/scan) 3 20 2 CDT-NCHR 10 
2 Hz 3 37 3 CDT-NCHR 10 
2 Hz 3 45 4 CDT-NCHR 10 
    
  
C-AFM (B) (in-air)      
2 Hz 3 20 5 CDT-NCHR 10 
2 Hz 3 20 6 CDT-NCHR 10 
2 Hz 2 20 7 CDT-NCHR 10 
 
   
  
C-AFM (C) (in-
vitro)    
  
2 Hz 1 37 2 CDT-NCHR 10 
 
  
platelets which are heavily twinned and have an HCP structure
strength. After quenching, the alloy is 
phase where it is then cold worked to further increase 
microstructure of the as received alloy with the light colored plate like 
intergranular β-phase around the edges
 2.3 Sample Preparation 
2.3.1 Polishing  
Ti-6Al-4V coupons were prepared in house into flat square samples
mm x 2 mm dimensions (Figure 2.
were then polished to a .05 µ
Coarse polishing was performed with the use of silicon carbide paper in progressive grits starting 
at 200 and finishing with 600
wheels and pads and the use
finishing with .05 µm alumina suspension
surface roughness using an 
PPP-NCLR cantilever, where the average 
measured to be 3.90 nm.  
 
Figure 2.2 Microstructure of Ti
bordered by dark beta regions. 
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 that help give the alloy its 
annealed allowing the β-phase to precipitate out of the 
its strength. Figure 2.2 shows the 
α-phase and the dark 
.  
 approximately
3) using a Leco V-50 precision diamond saw
m surface finish sequential using standard metallography techniques
. Fine polishing was achieved with the use of Buehler polishing 
 of sequential polishing media starting with 6 µm diamond paste 
. After polishing all samples were characterized for 
Asylum Research MFP-3D AFM in AC mode using 
root mean squared (RMS) surface roughness
 
-6Al-4V received from Beaumont Hospital, with light alpha grains 
(200x) (Image courtesy of Katie Miyashiro) 
200 µm 
α-
 
 10 mm x 10 
. All samples 
. 
and 
a Nanosensors 
 was 
  
  2.3.2 Anodization 
After polishing, all samples went through an anodization process where oxide layers ~ 15
nm in thickness were grown
to apply 10 V to the sample 
adopted from other research 
corresponding anodization parameters yielded a given oxide 
Figure 2.3 shows the created 
according to Sul et al. (2001) 
on all samples, a visual inspection, 
spectroscopy (D-SIMS) was 
to measure oxide thicknesses, but after unsuccessful
qualitative measurements of the altered oxide. 
golden yellow hue and accor
index on the grown oxide layer.
samples at three random locations on the anodized surface. The averaged RMS roughness 
anodization was 5.27 nm indicating
increase in surface roughness can be associated with
 
Figure 2.3 (a) Ti-6Al-4V  .05µ
(b) Ti-6Al-4V sample after anodization, where the gold
in the index of refraction caused by the growth of the oxide thickness.
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. To grow the oxides, a Struers LectroPol-5 electropolisher was
for 10 seconds in a 1 M solution of H2SO4. The procedure was 
(Sul, Johansson, Jeong, & Albrektsson, 2001), where the 
thickness based on voltage and time
sample with a golden yellow color after anodization which 
yielded ~ 15-20 nm oxide layer. To ensure that an oxide was grown 
surface roughness, as well as dynamic secondary ion mas 
performed to confirm altered oxide presence. D-SIMS was attempted 
 attempts the data was only used
In the visual inspection, all samples had the same 
ding to Sul et al. (2001) corresponded to the change in the refractive 
 Post anodization RMS roughness was also measured 
 an increase in roughness from the previous 
 the anodization process, where the added 
m polished sample before anodized oxides were grown on the surface. 
en yellow hue is representative of the change 
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 used 
. 
 for 
on all 
after 
3.90 nm. This 
 
26 
  
energy during the process permitted electron transfer and oxidation to occur on the surface 
through the existing oxide layer. However, there was aproximately 2 nm of variation which, is 
believed to be due to the methods of anodization and polishing (Sul, Johansson, Jeong, & 
Albrektsson, 2001). One-way ANOVA of surface roughness also indicated that there were 
statistical differences between samples after anodization (Table III).  With a 95 % confidence 
interval (CI) a P-value was calculated to be less than 0.05 . Therfore, indicating that the measured 
surface roughness between samples was a source of variation. 
 
 
Unfortunately, all samples were anodized one at a time due to the limited size of the 
electrochemical bath in the electropolisher used. As a result, the samples many factors could have 
affected the anodzation process. Factors such as; the concentration of the sulfuric acid between 
anodizing samples, the contact between electrode and sample, and the flatness of the sample from 
polishing are all possible reasons for the variation. One-way ANOVA comparison of the pre-
anodized surface roughness also showed variability from sample to sample after polishing (Table 
IV). Although there was evidence of variation bewteen samples, the samples were still used for 
both the IV-AFM and C-AFM experiments. The variance is considered in the results as well as in 
the discussion sections. 
 
Table III. One-way ANOVA of surface roughness post anodization 
 
ANOVA        
Source of Variation SS df MS F P-value F crit 
Between Groups 20.64442 4 5.161105 9.2331 0.002167 3.47805 
Within Groups 5.589786 10 0.558979    
       
Total 26.23421 14         
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 2.3.3 AFM Experimental Sample Preparation  
After samples went through polishing and anodizing all samples were cleaned and dried prior to 
AFM experiments. The cleaning process involved 10 minute ultrasonic cleaning in deionized 
water (DI), followed by an additional 10 minutes in 99% Isopropanol (IPA). After ultrasonic 
cleaning the samples were air blown dry with compressed air and placed in an oven at 50 °C for 1 
hour. Once the drying process was complete the samples were placed in designated sample 
holders respectively for IV-AFM and C-AFM experiments. 
 
2.4 AFM Repassivation Test Methods 
2.4.1 In-vitro AFM Experimental Setup 
The in-vitro testing cell was created with the use of the Asylum Research Petri-dish BioHeater 
accessory and allowed for controllable physiological testing conditions (Figure 2.4). In order to 
investigate in-vitro nanoscale repassivation of Ti-6Al-4V, AFM nano-scratch tests were 
developed and performed to observe the ability of Ti-6Al-4V to repassivate on the nanoscale.  
Table IV. One-way ANOVA of surface roughness pre- anodization 
 
ANOVA        
Source of Variation SS df MS F P-value F crit 
Between Groups 12.91455 4 3.228638 5.039996 0.0174 3.47805 
Within Groups 6.406034 10 0.640603    
       
Total 19.32059 14        
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 Using an Asylum Research MFP-3D AFM in conjunction with the Petri-dish BioHeater, 
MicroAngeloTM nanolithography software, NANOSENSORSTM PPP-NCVH silicon cantilevers, 
AFM lithography, and fluid imaging techniques; nano-scratches were created under simulated in-
vitro repassivation conditions. The characterization of repassivation was monitored with the AFM 
z-sensor topography scans to measure scratch depth while continually rastering a 10 x 10 µm area 
around the 6 µm scratch created.  
All IV-AFM tests were controlled at 37 °C +/- .05 °C while samples were submerged in Hanks 
buffered saline solution (HBSS). The HBSS was used to simulate physiological fluids during 
testing. HBSS is a phosphate buffered saline that has been researched to be physiologically 
comparable to human blood with a pH of 7.35 and containing Ca+, Na+, and K+ ions (Milosev, 
Hukovic, & Strehblow, 2000).  
The entire testing cell (Figure 2.5) consisted of a Petri dish that held the sample, HBSS, and 
was secured with magnetic clamps that fit on the AFM controller. A silicone membrane was used 
to seal and protect the cantilever holder from moisture as well as protect the AFM head from 
excess moisture during testing.  
 
 
Figure 2.4 In-vitro Petri dish BioHeater fluid testing cell used for IV-AFM nano-repassivation 
experiments. (Image courtesy of Asylum Research) 
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2.4.1.1 IV-AFM Repassivation Test 
 IV-AFM experiments were performed in the materials engineering microscopy lab at 
California Polytechnic State University, San Luis Obispo. The IV-AFM experiments began with 
the fluid cell and sample being heated to testing conditions of 37 °C. While the fluid cell and 
sample were heated, a testing area (10 µm x 10 µm) on the sample was located. Once a smooth, 
flat, and debris free area was located the entire system was allowed to equilibrate to 37 °C. The 
temperature was continuously monitored with the AFM MFP-3D software (Figure 2.6). After 
reaching equilibrium the experiments started with an AFM surface characterization in AC mode 
prior to performing nano-scratch. The characterization prior to scratching is regarded as the zero 
state of repassivation and provides the starting point to which each scan after scratching will be 
compared to.  
 
 
 
Figure 2.5 Schematic of the Petri Dish Heater assembly (top). Where the heater plate easily fits on the 
MFP-3D scanner and is held in place with a magnetic dish clamp. (Courtesy of Asylum Research)  
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To perform the nano-scratch, the use of the MicroAngeloTM nanolithography software was used 
to control the silicon AFM cantilever to create a single 6 µm scratch (Figure 2.1) The average 
applied force to create each scratch was 42 µN and was dependent on the individual cantilever 
spring constants and surface morphology.  Each scratch was performed at 125 nm/sec and took 
approximately 48 seconds. After scratches were created with the AFM tip, the scratch was 
immediately characterized in contact mode at 3 and 1 Hz scan rates for 10 and 30 minutes 
respectively. The two different scan rates controlled the data acquisition with the control of the 
AFM raster rate. The higher the AFM rasters (increase in hertz) the faster the data was collected.  
The data acquisition of the IV-AFM experiments were intended to capture the change in scratch 
depth over time using the z-sensor data collected over time with the AFM. Utilizing the AFM z-
sensor to characterize the surface after creating the nano-scratch would allow for the observation 
of changes during repassivation. Therefore, with the ability of the AFM to continuously monitor 
the created scratch depth with the z-sensor data, over time the observation of a decrease in 
maximum scratch depth would be representative of repassivation. Figure 2.7 is an example of an 
ideal plot of what the data should look like, showing continual changes in the z-sensor data and 
observing repassivation. By using the AFM to continually raster the scratched area, the 
topography (z-sensor) scans can be compared to any changes in the oxide substrate, which could 
 
 
 
Figure 2.6 Temperature versus time plot of Bioheater sample holder during IV-AFM experiments 
indicating that sample and testing conditions were held constant throughout testing. 
  
then be correlated to repassivation or regeneration of the oxide layer.
such as illustrated in Figure 2.7, 
nanoscale. IV-AFM was designed to demonstrate the ab
characterize them in-vitro with the use of AFM z
 
2.4.2 C-AFM Repassivation 
In addition to the investigation
versus time; conductance measurements were used as well
developed in IV-AFM and the use of the AFM conductance module,
understanding of nanoscale 
characterization of the altered oxide over time directly represents repassivation at the implant 
oxide interface on the nanoscale. Over time as the oxide reforms the amount of 
be observed and quantified both by surface characterization and difference in conductance 
measurements. 
Therefore, the C-AFM experiment
capture repassivation on the nanoscale
AFM techniques, C-AFM was broken up into three different versions A,
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 Changes in AFM z
would demonstrate evidence of in-vitro repassivation on the 
ility to perform nano-scratches and 
-sensor scans. 
Test Methods 
 of repassivation on the nanoscale with an elapsed scratch depth 
. By combining the scratch methods 
 further characterization and 
repassivation of Ti-6Al-4V was possible. Through the 
s were developed to observe the ability of the AFM to 
 with conductance measurements. Utilizing conductive 
 B, &C; (A) was 
repassivation after scratching is created with the AFM. Showing
the z-sensor data changes. 
Change in AFM z-sensor 
= Repassivation 
-sensor, 
 
repassivation can 
 
 
  
performed in air at 20, 37, and 45
in-vitro with HBBS at 37 °C. With 
repassivation was to monitor the current 
performed, in hopes of witnessing at drop in conductance
This observation of a drop in conductance overtime would show the ability of the AFM to create 
and capture repassivation on the nanoscale with conductance measurements. 
Utilizing the same AFM scratch test methods used in 
implementation of conductive AFM techniques. 
sensor data with conductance data. The software will be able to create image
topography as well as current distribution 
Figure 2.9.  
 
 
Figure 2.8 Expected observations of conductance measurements after scratch is created with the 
AFM. The drop in conductance
created scratch.  
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 °C, (B) was performed in air at 20 °C, and (C) was performed 
the following experiments, the ideal observation of 
as a voltage bias was applied after scratch
 overtime as illustrated in 
 
IV-AFM experiments along with the 
The AFM allows for the integration of both z
s of surface 
superimposed in the same image as demonstrated in 
 overtime represents the observation of repassivation around the 
(Min) 
es were 
Figure 2.8. 
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 2.4.2.1 C-AFM (A) Repassivation
C-AFM (A) was designed to characterize 
measurements. Similar to the
the materials engineering microscopy lab at California Polytechnic State University
Obispo. All experiments were performed 
conjunction with the BioHeater
Asylum Research ORCATM
samples were also identically prepared and characterized with the AF
performed IV-AFM experiments. Each experiment started with locating a testing area (10 
10 µm) that was smooth, flat
20, 37, and 45 °C prior to testing.
Petri dish Bioheater was used
thermocouple to verify actual testing temperature. For each temperature three replications were 
performed. In Figure 2.10 it can be seen that the actual testing temp was slightly lower than the 
targeted testing temp. This can be attributed to the 
trying to heat air versus its indented use with fluids. 
 
Figure 2.9  C-AFM AFM (10 
z-sensor topography scan. Image clearly indicates current detection around scratch. 
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repassivation with the use of conduct
 IV-AFM experiments, all C-AFM experiments were performed in 
using an Asylum Research MFP-3D AFM in 
 AFM accessory, MicroAngeloTM nanolithography
 conductive module, and diamond coated conductive cantilevers. 
M as in the previously 
, debris free and allowed to equilibrate to each testing temperatures 
 To control the testing temperature of the sample the use of the 
. Temperature was also monitored and recorded with a 
BioHeaters reduction in performance when 
 
 
µm scan) current contrast image of current measurements overlaid on a 
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 software, 
The 
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After locating a testing area and reaching equilibrium, the experiments started with an AFM 
surface characterization in AC mode prior to performing nano-scratch. Prior to testing a bias 
voltage of 3.63 V was applied until trace amounts of current could be detected before scratching 
through oxide. The characterization of the substrate as well as conductance measurements prior to 
scratching are regarded as the zero state of repassivation and provide the starting point to which 
each scan post scratching will be compared to. After characterization of the substrate the AFM 
lithography software was used to create a single 6 µm scratch in the oxide substrate. The average 
applied force to create scratches was ~ 30 µN and varied depending on cantilever spring constant 
and surface morphology. For all experiments the NanoWorldTM CDT-NCHR diamond coated 
conductive cantilever was used with a 2 Hz scan rate. C-AFM (A) was designed to demonstrate 
the ability to perform nano-scratches and characterize there changes at different temperatures 
with the use of conductive AFM techniques in air.  
 
 
 
Figure 2.10 C-AFM (A) average temperature profile of experiments, showing lower testing 
temperatures than the desired target testing temperatures.   
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2.4.2.2 C-AFM (B) Repassivation Test  
 Using the same test methods as performed in C-AFM (A), conductance and z-sensor data was 
collected and replicated three times for each sample except for sample # 7 where only two 
replications were performed due to a lack of cantilever supplies. The intent of C-AFM (B) was to 
characterize sample variation with the use of the collected conductance and z-sensor data. The 
conductance and z-sensor data was used to look for any discrepancies between the data sets to 
quantify variations within or between experiments determining repeatability in the experiments.  
 
2.4.2.3 C-AFM (C) In-vitro Repassivation Test 
In efforts of further understanding repassivation, the development of in-vitro C-AFM test 
methods were created. As performed in both (A) & (B), (C) used the same over all AFM setup, 
but with all testing conditions simulated in-vitro, with the addition of HBSS. To create the in-
vitro conditions, the BioHeater was used to maintain physiological temperatures were the 
addition of 10 µL of HBSS was placed on the sample simulating physiological fluids. The AFM 
cantilever was then submerged in the created HBSS droplet, were the same nano-scratch test 
methods used in C-AFM (A) were performed. 
 
2.5 Cantilever Tip Characterization 
In order to investigate the performance of the cantilevers used, tip characterization was 
performed on one NanoWorldTM CDT-NCHR diamond coated conductive cantilever with the use 
of a Phillips FEI Quanta 200 scanning electron microscope (SEM). The cantilever was imaged 
under high vacuum with an electron beam voltage of 15-25 kV, 3 µm spot size, and a 45° tilted 
sample stage. Several different magnifications were used for tip characterization.  
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3. RESULTS  
 
In this chapter the previously mentioned experimental procedures are presented and used to 
interpret the nano-scratch test methods performed on Ti-6Al-4V via AFM techniques. The 
following are objectives regarding the use of AFM and the observations that are thought to be 
associated with nano-repassivation. 
 
1. Demonstrate the feasibility to create nano-repassivation conditions, as well as the 
ability to characterize in-vitro nano-repassivation via AFM techniques 
2. Demonstrate the ability to characterize nano-repassivation in air, with the use of 
conductive AFM techniques  
3. Demonstrate the ability to characterize in-vitro nano-repassivation with the use of 
conductive AFM techniques 
 
3.1 AFM In-vitro Repassivation Results 
3.1.1 IV-AFM Experimental Results 
IV-AFM nano-scratch test methods were performed on anodized Ti-6Al-4V substrates creating 
simulated in-vivo repassivation conditions. Experimental scratches were performed in HBSS at  
37 °C and observed with the AFM (z-sensor data) over time at 1 and 3 Hz scan rates (Figure 3.1 
a & b). With the use of AFM topography characterization (z-sensor data), the maximum in-vitro 
scratch depth was monitored for each set of experiments at both 1 and 3 Hz scan rates after 
scratches were created. The scratches in Figure 3.1 show the ability of the AFM to physically 
manipulate the surface penetrating the (~ 15-20 nm) anodized oxide layer. The data suggests that 
the scratching ability is capable of reaching depths greater than the existing oxide layer. With this 
ability it can be assumed that the scratch depths were able to penetrate depths greater than the 
  
grown oxide, indicating that
in-vitro repassivation. Although, the AFM was capable of creating these scratches, the scratches 
did show some variation between experiments. In Figure 3.1 the scratches were 
top of the image and ended at the bottom and were 
However, as can be seen in the figure 
 
 
This variability in scratching ability of the titanium oxide surface indicated that the variable 
could be the effect of the cantilever tip traversing through differing oxide compositional 
structures. To look for statistical variance within the experiments, 
performed on the maximum scratch depth
confidence interval of 95 % a p
statistical differences in the created scratchs between experiments 
Figure 3.1 (a) AFM image of a nano scratch created in the 1 Hz 
scratch created in the 3 Hz IV
profile of approximately 30 nm 
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 base material was exposed, creating corrosive conditions 
intended to be straight 6 µm scratches. 
the scratches arc and show variable scratch depth profiles.
one-way ANOVA 
s recorded for each scan during the experiments
-value < 0.05 was calculated, indicating that the 
(Table V).  
 
IV-AFM (b) AFM image of a 
-AFM experiment, where the color bar on the right shows a depth 
for both experiments (Both images are 10 µm scans). 
simulating 
initiated at the 
 
 
was 
. With a 
results showed 
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The scratching ability was also observed with the measured scratch depths. The range of depths 
varied between experiments and varied from 25- 120 nm in depth with an average depth of ~ 73 
nm. In each of the 1 Hz experiments, there was also little evidence of change in the monitored 
maximum scratch depth as shown in Figure 3.2. The data suggests that scratches were created to a 
variable depth, but no significant changes were observed in the maximum scratch depth overtime, 
indicating that the AFM was inadequate in observing repassivation by monitoring the scratch 
depth at the slow 1 Hz scan rate.  
 
 
 
 
Figure 3.2 IV-AFM (1Hz) in-vitro max scratch depth that was monitored over time showing 
variance in scratch depth between experiments performed in HBSS at 37 °C. 
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Table V. One-way ANOVA on (1Hz) IV-AFM measured scratch depth 
ANOVA       
Source of Variation SS df MS F P-value F crit 
Between Groups 20927.5 2 10463.75 1776.512 1.45E-15 3.885294 
Within Groups 70.68065 12 5.890054    
       
Total 20998.18 14         
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 As performed in the 1 Hz IV-AFM experiments, 3 Hz data collection methods were performed 
after nano-scratches were created. There were more promising results with the faster scan rates. 
The scratch depths were more consistent, resulting in a smaller range of 52-68 nm maximum 
scratch depths in comparison to experiments performed at 1 Hz. The data also suggests that the 
maximum scratch depth, were deeper than the anodized oxide layer (15-20 nm) indicating that 
anodized oxide layer was sufficiently removed in all experiments, exposing base material and 
creating repassivation conditions. Figure 3.3 also shows experiment # 2 decreasing in maximum 
scratch depth over time. This indicates that the AFM was capable of observing minimal surface 
changes, after scratching. It is possible that these changes are representative of repassivation. 
Unfortunately, experiment # 1 showed minimal if any change in the observed maximum scratch 
depth. The graph also only shows two replications as there were limited cantilever supplies to 
replicate the experiment a third time. Therefore, much like what was observed in the 1 Hz 
experiments, there is not enough evidence to justify the ability of the AFM to observe 
repassivation with topographical surface characterization (z-sensor data).  
 
 
 
 
Figure 3.3 IV-AFM (3Hz) in-vitro scratch depth monitored over time graph showing small changes in 
scratch depth throughout the experiments performed in HBSS and controlled with the AFM at 37 C. 
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3.2 C-AFM Repassivation Results 
AFM scratches were performed on anodized Ti-6Al-4V substrates in air and in-vitro and were 
observed with the AFM z-sensor and conductance module (Figure 3.4). As with IV-AFM 
experiments, all C-AFM experiments were successful at creating scratches that were deep enough 
to penetrate the anodized oxide layer (~15-20 nm) suggesting that repassivation conditions were 
met. However, since the same z-sensor characterization methods were proved to be inadequate in 
observing surfaces changes in IV-AFM, only observations of conductance will be presented for 
C-AFM experiments.  
3.2.1 C-AFM (A) Conductive Repassivation  
The AFM was successfully in taking conductive measurements with the conductive module. 
With the created nano-scratch test methods, the current measurement data showed evidence of 
altering the anodized oxide layer. Since the conductance measurements are taken simultaneously 
with the z-sensor data, the AFM software has the ability to superimpose current data on top of the 
topographical data showing exactly where the current was measured (Figure 3.4). As performed 
in Figure 3.4 all scratches were created with the cantilever perpendicular to the created scratch. 
With this orientation of the cantilever during scratching it is believed that the tip in this 
orientation is the source of the scratches tailing off at each end. Regardless of the tailing, the 
created scratches show evidence that the AFM tip was successful in penetrating the oxide layer 
allowing current to flow in and around the created scratches. All current data was taken with an 
applied 3.63 V bias, as this was the necessary breakdown potential of the oxide to allow electron 
transport through the oxide before manipulation of the oxide.   
  
3.2.1.1 C-AFM (A) Conductive Repassivation Results at 20
Conductance measurements were observed 
°C (Figure 3.5). From the data it can be seen that 
within a range of 2 - 4.5 nA. This clearly shows the capability of the AFM to successfully observe 
current measurements within the scratch 
Looking at the data closer, a tren
bias was also observed and calculated to be 
seems to follows the expected trend as desc
repassivation. The amount of variance was also plotted and shows that over time the amount of 
variance in current measurement decreased
Figure 3.4 (a)C-AFM (A) z-
topography. (b) Same image as (a), but only showing z
scratch depth (10 µm AFM scan).
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 °C 
after scratching with an applied 3.63 V bias
average current measurements were observed 
after nano-scratch test methods were performed. 
d in the reduction of current over time with the applied 3.63 V 
-.006 nA/sec. This reduction in current over time 
ribed in chapter 2, but is not direct evidence of 
 over time (Figure 3.5b).  
 
sensor profile image with current measurements superimposed on
-sensor depth of scratch with color bar
 
 
 at 20 
 
 scanned 
 showing 
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3.2.1.2 C-AFM (A) Conductive Repassivation Results at 37°C 
At 37 °C, conductance measurements were observed with an applied 3.63 V bias as the data 
was collected at 2 Hz scan rate. As performed at 20 °C, the data indicates the capability of the 
AFM to successfully measure observable changes in current measurements after performing 
nano-scratch test method. Figure 3.6 shows the plotted data over time where it shows the average 
current measurements in a range of ~ 18.8-19.1 nA and a -.002 nA/sec decreasing rate of current. 
It was also noticed that with the increased testing temperature, the current measurements 
increased as well. This indicated that temperature had an effect on the observable current 
measurements. Although, with the observed increase in current detection the rate at which the 
current decreased was comparable to what was observed at 20 °C. Variance was plotted and 
shows the greatest amount of variance in the first scan and then decreases over time (Figure 
3.6b). However, these observations of decreasing rates of current and variance over time, these 
experiments cannot be directly associated with repassivation and will be further discussed in 
detail in chapter 4.    
  
 
Figure 3.5 C-AFM (A) experiments performed with 3.63V bias at 20 C. (a) Is the average current 
measurements over time after AFM nano-scratches were created on Ti-6Al-4Vsubstrates and (b) is 
the amount of variance between replicated experiments. Measured slope is rate of decreasing current 
and error bar are standard deviation.  
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3.2.1.3 C-AFM (A) Conductive Repassivation Results at 45°C 
As were performed at 20 and 37 °C, there were no differences in the experimental methods 
other than the associated 45°C testing temperature. As can be seen in Figure 3.7, the average 
current measurements were measured within a range of 15-16.8 nA. Again, with an increase in 
temperature, an increase in current measurement was observed. Although, at a higher temperature 
than the previously performed 37 °C, the average measured current was lower, but the rate of 
decreasing current was -.004 nA/sec indicating that it was higher. However, if you look the 
variance associated between the experiments (Figure 3.7b), it becomes evident that one of the 
three replicated experiments had experimental error. Therefore, with the presence of excessive 
variance the calculated average current measurements were affected. In the experiments it was 
observed that one of the tests performed had substantially lower current measurements than the 
two previously performed tests. This lower measurement is believed to be caused by replicating 
the scratch experiments with the same cantilever. This may have caused enough damage to the 
cantilever tip between experiments to compromise conductivity measurements. Tip 
characterization was performed on one of these tips pre and post scratching and will be further 
discussed in chapter 4. 
 
 
Figure 3.6 C-AFM (A) experiments performed with 3.63V bias at 37 C. (a) Is the average current 
measurements over time after AFM nano-scratches were created on Ti-6Al-4Vsubstrates and (b) is 
the amount of variance between replicated experiments. The measured slope is the rate of 
decreasing current and error bar are standard deviation. 
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3.2.2 Temperature Effects on C-AFM (A) Results 
As mentioned earlier in the C-AFM (A) results, it was observed that at the three different 
experimental temperatures, the current measurements increased. From Figure 3.8, it shows the 
differences in current measurements with each associated temperature.  
With the increased temperature the average current measurements were higher than the 
previously performed experiments at lower temperatures. This indicated that with the added 
thermal energy, the current was more capable of flowing through the substrate (oxide) of the 
sample increasing its conductivity. Further discussion about the effect of temperature and 
conductivity will be discussed in chapter 4.  
  
 
Figure 3.7 C-AFM (A) experiments performed with 3.63V bias at 45 C. (a) Is the average current 
measurements over time after AFM nano-scratches were created on Ti-6Al-4Vsubstrates and (b) is 
the amount of variance between replicated experiments. Measured slope is rate of decreasing 
current and error bar are standard deviation.  
y = -0.0042x + 17.345
14.5
15
15.5
16
16.5
17
0 200 400 600
A
v
e
ra
g
e
 C
u
rr
e
n
t 
(n
A
)
Time (sec)                               (a)
0
5
10
15
20
25
30
0 200 400 600 800
C
u
rr
e
n
t 
(n
A
)
Time (sec)                                    (b)
Scan 1
Scan 2
Scan 3
Scan 4
Scan 5
45 
  
 
3.2.3 C-AFM (B) Conductive Repassivation Results 
 C-AFM (B) was able to take conductive measurements after performing nano-scratch test 
methods on Ti-6Al-4V samples. The only difference in comparison to C-AFM (A) was the fact 
that all C-AFM (B) experiments were replicated over three different samples at 20 °C. By 
replicating the experiment the intent was to create a larger population to look for variation in the 
experiments as well as in the samples. A total of eight experiments were performed over three 
different samples. Figure 3.9, shows the range of current measurements between the first and last 
experiments, where all other experiments fell within these two experiments. The graph also 
shows that all experiments were measured under 0.7 nA.  
 
 
 
Figure 3. 8 C-AFM (A) bar chart showing an increase in overall current detection with an increase 
in testing temperature. 
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Recalling what was observed in C-AFM (A) at 20°C, the values in Figure 3.9 are approximately a 
tenth of what was measured in that experiment. Along with decreased current measurements, 
another observation was noticed that the overall current measurements showed a progressive 
decline in the observable current detection. The rate of decreasing current also decreases from 
.0007-.0002 nA/sec indicating a loss in conductance performance. In Figure 3.9 although, the 
current values are low, the initial experiment shows the desired trend in a reduction in current 
over time. Where as in the last C-AFM (A) experiment, the values are minimally detected and 
show no change in current measurements as if the conductivity of the cantilever tip was being 
degraded with each experiment. Reasons for these values are believed to be attributed to 
cantilever quality such as having initial tip damage prior to testing. It should be noted that the 
cantilever used for these experiments was characterized before and after all completed tests.  
Analyzing the data, one-way ANOVA was performed on the average current measurements 
with a 95 % confidence interval and resulted in a p-value < 0.05 (Table VI). In the analysis a large 
F- value was calculated indicating that the variation among groups is more than you’d expect to 
see randomly. By also calculating R2 percentages, ~ 84 % of the variance can also be associated 
 
 
 
Figure 3.9 Range of average current measured in C-AFM (B) experiments over time after AFM 
manipulation of Ti-6Al-4Vsubstrates with a 3.63V bias applied at 20 C. 
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to be between group variations. This suggests that sample to sample variance was a major factor 
in the outcome of the experiment. These variances within the groups are most likely derived from 
the initial variance introduced in the sample prep or may be caused by the diminishing 
performance of the cantilever tip. Further discussion will be addressed in chapter 4.  
 
 
 
3.2.4 C-AFM (C) In-vitro Repassivation Results 
With numerous attempts using the nano-scratch test method in parallel with the AFM 
conductance module, C-AFM (C) was unsuccessful in observing changes post scratching. The use 
of HBSS reduced the ability to detect repassivation current. The ions present in the HBSS caused 
current measurements to be greater than the 100 nA meter capacity of the conductance module. In 
an effort to reduce the amount of current measured, added resistance to the conductive circuit was 
performed. However, the addition of the resistance was not enough to establish an offset of the 
actual current detection. During engagement of the cantilever into the fluid and on to the substrate 
the current detection meter maxed out without a voltage bias being applied. Therefore, with the 
current meter in the conductance module being maxed out, resolvable measurements of current 
were not capable of being performed. In comparison to the previous C-AFM experiments, Figure 
3.10 shows what the current measurement looked like in relationship. From the images it is clear 
that current measurements were off the chart throughout the entire sample in C-AFM (C) 
experiment (Figure 3.10 a). Figure 3.10 b, shows the current isolated around the created scratch.  
Table VI. One-way ANOVA on C-AFM (B) average measured current  
ANOVA       
Source of Variation SS df MS F P-value F crit 
Between Groups 0.90932 7 0.1299029 23.54486435 6.28E-11 2.3127412 
Within Groups 0.1765519 32 0.0055172    
       
Total 1.0858719 39         
  
3.3 SEM Cantilever Tip Characterization
Using the SEM, cantilever tips were characterized
included measurements of t
to the published value range 
measured to be ~ 900 nm and showed evidence of
around the tip, as if remains of the scratched substrate were 
tip (Figure 3.11). These images show the effects of the lithography performed throughout these 
experiments and suggest that cantilevers be exchanged between samples or if possible between 
experiments. 
 
Figure 3. 11  AFM cantilever images comparing pre and post experiments. (a) is a image of an 
unused cantilever at 8335 x. (b) is the same cantilevers post experiments at 11,581 x showing 
evidence of tip damage during experiments
 
Figure 3. 10 (a) AFM current measurements in C
measurements in C-AFM (A) in air at 37 C. (Both images are 10 µm AFM scans)
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, pre and post experiments. 
he radius of curvature which was found to be ~ 170 
of 100-200 nm. The post-experiment radius of curvature was 
 wear, blunting of the tip, along with 
smeared on the end of the cantilever 
 as well as debris left on the tip.  
-AFM C in HBSS at 37 C and (b) Current 
 
 
Characterization 
nm, comparable 
debris 
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4. DISCUSSION 
 
4.1 Overview of Objectives 
In the results section, several experiments were attempted to meet the research objectives 
regarding the characterization of nano repassivation on Ti-6Al-4V via AFM nano-scratch test 
techniques. The following objectives investigated the ability of the AFM to simulate in-vivo 
orthopaedic repassivation.  
 
1. Demonstrate the feasibility to create nano-repassivation conditions, as well as the 
ability to characterize in-vitro nano-repassivation via AFM techniques 
2. Demonstrate the ability to characterize nano-repassivation in air, with the use of 
conductive AFM techniques  
3. Demonstrate the ability to characterize in-vitro nano-repassivation with the use of 
conductive AFM techniques 
 
4.2 Evaluation of In-vitro Repassivation via AFM Z-Sensor Data 
In-vitro nano-scratch test methods were conducted to create and characterize the repassivation 
kinetics of anodized Ti-6Al-4V. 
4.2.1 In-vitro Repassivation (IV-AFM) 
The development of AFM in-vitro experiments were attempted as innovative techniques to 
characterize nano-repassivation on Ti-6Al-4V substrates with AFM z-sensor scans. In-vitro 
repassivation experiments are not new by any means. Previous research has been performed to 
characterize repassivation of implants. Repassivation scratch tests at the macro scale have been 
used to simulate in-vitro oxide removal. These methods observe repassivation on a larger scale, 
50 
  
rather than the nanoscale where repassivation is theorized to occur (Milosev, Hukovic, & 
Strehblow, 2000).  
With the results presented in the IV-AFM experiments, it was shown that the AFM was capable 
of an average scratch depth of  ~ 73 nm, which was more than adequate to penetrate the ~ 15-20 
nm oxide layer exposing the base material. Although the experiments were able to create 
repassivation conditions, the ability to observe repassivation was limited. Due to the limitations 
of the scanning speed of the AFM scanner, results indicated that the AFM was incapable of 
observing changes in the surface topography with z-sensor data sufficiently fast in HBSS. It 
became apparent that the AFM was too slow to observe the reactions of repassivation. Since 
repassivation is time dependent the scratching time delays (48seconds) and the scanning speed 
(80-280 sec/scan) were the main reasons why the AFM was unable to capture the spontaneous 
reaction of repassivation. Therefore, it is suggested that future experiments utilize the scratching 
ability of the AFM to create repassivation condition, but characterize repassivation through some 
other means like using open circuit potentials (OCP) in conjunction with the AFM nano-scratch 
methods. With OCP experiments, the open circuit is the potential of the working electrode 
relative to a reference electrode. So, when a potential is applied relative to the open circuit, the 
system measures the OCP before a voltage potential is applied to the cell. Then applying a 
potential relative to that measurement, changes in current measurements can be compared and 
observed.  
It was also mentioned that IV-AFM experiments had issues of variance in the results of the 
experiments. The cause of this variance is most likely due to the sample prep methods. With the 
measured surface roughness post polishing and anodizing, the data suggested that the samples 
were statistically different, indicating that the hand polishing and single sample anodization 
methods introduced oxide variation. Although, this variability was minute, due to the experiments 
being performed on the nanoscale, it showed that small variations can have greater effects on the 
nanoscale. In addition to the polishing methods, the use of the individual anodization process was 
51 
  
also a contributing factor to the associated variance. A batch process where all samples are 
submerged simultaneously may have been a more controllable method that would reduce the 
amount of sample-to-sample variability providing more consistent oxides.  
Cantilever selection was also a contributing factor to variance. After using the PPP-NCVH and 
having difficulty tuning and imaging with the cantilevers in HBSS, it was discovered that there 
might have been more optimal cantilevers available that have greater strength and durability to 
endure the nano-scratch test methods. Veeco Inc. makes a high spring constant three sided 
pyramidal single crystalline diamond tip mounted on a stainless steel cantilever, which has been 
proven to be successful in performing scratch tests on silicon substrates however; it is not 
conductive (Santinacci, Zhang, & Schmuki, 2005). 
 
4.3 Evaluation of Repassivation via Conductive AFM Methods 
4.3.1 C-AFM (A)  
The overall trend observed in the conductance measurements performed in C-AFM (A) 
experiments, was a decreasing amount of current over time. These results were what were to be 
expected with the reformation of the oxide layer acting as a kinetic barrier to the electrochemical 
process of repassivation. To verify these observations, the current measurements were used to 
back calculate current density, conductivity, and electron mobility. Current density was calculated 
with  
     j = I / A     (4.1) 
Where (I) was the measured current and (A) was the estimated scratch area that current could 
flow through. For these calculations it was assumed that the scratch area was ~ 2.4 E -8 cm2. This 
area was estimated using the 6 µm scratch length and approximated scratch width of 400 nm after 
scratching. After calculating the current densities for each of the C-AFM (A) experiments (Figure 
4.1), the graph shows a decrease in current density over time, which is to be expected, as the 
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current density is directly proportional to the amount of current measured. Comparatively, the 
measured values of 0.9-0.1 A/ cm2 do not correlate to 1.0 E-04 –1.0E-07 (A/cm 2) current 
densities observed on titanium using OCP (Contu, Elsener, & Bohni, 2004). 
 
 
However, using these calculated values of current density, conductivity was calculated. 
Conductivity (σ) is a function of electric field strength (ξ) and current density (j).  
 
     σ = ξ / j     (4.2) 
Using the applied 3.63 V bias for (V) and using the length 125 µm of the cantilever as the 
conductive length (L), the electric field strength (ξ) was determined to be ~ 290 V/cm. 
 
     ξ = V/L     (4.3) 
 
The conductivity was then calculated and plotted over time (Figure 4.2). From the graph it shows 
a decreasing conductivity for each experiment, which leads you to believe that repassivation is 
occurring, recreating the oxide and acting as a kinetic barrier to the flow of electrons.  
 
 
 
Figure 4. 1 Graph of estimated current densities observed in C-AFM (A) experiments  
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 Knowing this the calculated conductivity was compared to other common materials and was 
found to be more representative of a semi-conductive material. In the case of Ti-6Al-4V metallic 
oxides are generally considered insulative materials and, are primarily composed of TiO2 (Ask, 
Lausmaa, & Kasemo, 1989). Conversely, TiO2 has been studied to have semi-conductive 
properties and at room temperature was approximately measured to be .003-0005 Ω-1-cm-1 
(Mardare, Baban, Gavrila, Modreanu, & Rusu, 2002).   
Electron mobility (µe) is directly correlated to σ with the following equation  
    µe = [σ] / [n e]     (4.4) 
and was calculated to support the observations of repassivation. Where n is the number of free 
electrons (~ 1022-1023/ cm2) and e is the electrical charge of an electron (1.6 x 10-19 C). Figure 4.3 
agrees with the calculations of conductivity and shows electron mobility decreasing.  
 
 
 
Figure 4. 2 Conductivity plotted over time showing a decreasing conductance and representing the 
observation of repassivation in C-AFM (A) performed in air at corresponding temperatures. 
0
0.0005
0.001
0.0015
0.002
0.0025
0.003
0.0035
0 1 2 3 4 5 6
C
o
n
d
u
ct
iv
it
y
 C
 (
o
h
m
-1
-c
m
-1
) 
Scans
45 C
37 C
20 C
54 
  
 
As a result, these observations of the current detection present evidence of the ability of the AFM 
to capture current measurements associated with nano-scratch test methods.  However, based on 
the data, it does not show a relationship to repassivation. Rather it is more representative of oxide 
growth and not the electrochemical reactions of repassivation. The measured electron mobility in 
Figure 4.3 are nearly identical to what has been observed in other studies specifically looking at 
the conductivity and electron mobility of thin film titanium oxides (Mardare, Baban, Gavrila, 
Modreanu, & Rusu, 2002), (Aduda, Ravirajan, Choy, & Nelson, 2004).  
In conclusion, to observe and quantify repassivation through the means of measured current 
density, conductivity, and measured electron mobility the measurements observed should be more 
drastic and observed over a shorter time scale as were observed in other repassivation studies 
(Contu, Elsener, & Bohni, 2004), (Goldberg & Gilbert, 1998) (Gilbert, Buckely, & 
Lautenschlager, 1996). However, C-AFM (A) did show the ability to successfully measure the 
conductivity and electron mobility of TiO2 and further supports the studies of Mardare et al. and 
Aduda et al. Studies that indicate TiO2 are better represented as a semi-conductive material and 
that further studies of utilizing their semi-conductive properties should be considered.  
 
 
 
Figure 4. 3 Graph of electron mobility, using the current data in C-AFM (A) experiments showing a 
reduction in electron mobility as repassivation occurs.  
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4.3.2 C-AFM (B)  
The magnitude of the current measurements in C-AFM (B) is questionable. With all current 
measurements under .7 nA, it is speculated that some form of error was introduced into the 
experiments. The cantilever used for all C-AFM (B) experiments was characterized in the SEM. 
From the characterization the cantilever looked to be in perfect working order, and had a radius of 
curvature that was measured to be 170 nm which was within 10 % of the manufactures published 
value 200 nm. However, the current measurement results indicate otherwise with low current 
measurements under .7 nA and an overall observed current measurement decay. Therefore, there 
is strong belief that before the experiments were performed, the cantilever may have been 
damaged during handling to the extent that it altered the current detection capabilities. It is also 
possible that the scratch performed in the first experiment, may have damaged the tip to the 
extent of effecting conductance. Unfortunately, these theories cannot be explained with the data 
collected and can only be theorized as the tips were not analyzed before every experiment.  
However, a single cantilever was characterized in the C-AFM (B) experiments prior to use and 
following the eight experiments it was used in. The characterized cantilever showed substantial 
wear and damage to the tip. The reason for the excessive use of a single cantilever was due to 
limited cantilever supplies. With the replicated use of the same cantilever in all 8 experiments, 
lead to excessive tip wear as indicated by the SEM characterization, and low current 
measurements throughout the conducted experiments. Therefore, with the tip characterization 
showing that physical tip abuse was evident during scratching it is likely the reason behind the 
reduced current measurements. 
4.3.3 C-AFM (C) In-vitro Repassivation 
Observations of in-vitro repassivation have been performed with current transient 
measurements, OCP’s, and polarization tests to capture observations of repassivation on the 
macro scale (Gilbert, Buckely, & Lautenschlager, 1996), (Contu, Elsener, & Bohni, 2004). 
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However, none of these experiments have been attempted with the use of conductive AFM 
techniques or attempted at the nano-scale. Unfortunately, the results of the C-AFM (C) 
experiments were not as successful as anticipated and require further refinement. The lack of 
ability to take measurements in a conductive fluid was the main reason why C-AFM (C) was 
unsuccessful. Futile attempts to add resistance in series to the testing circuit was attempted. In 
efforts of filtering the excessive current measurement before it was measured in the conductance 
module. Initially it was believed that the surrounding BioHeater or the AFM scanner itself may 
have created stray currents in the HBSS maxing out the 100 nA meter in the conductance module. 
However, upon further investigation, it is believed that the reasons for the excessive amounts of 
current in the HBSS, maybe due to the excessive ions present increasing the mobile charge 
carriers available in the solution. The excess of mobile carriers act as a current amplifier, causing 
the amount of current flow to over load AFM conductance module. The cause is still uncertain 
however, if these current measurements can be isolated and filtered; future experiments can 
utilize conductive AFM to characterize nano-repassivation. Nevertheless, much has been gained 
in the attempts to characterize nano-repassivation with the use of conductive AFM. 
 
4.3.4 C-AFM (A) vs. (B) 
Although, the methods used for both C-AFM experiments were the same, there were significant 
differences between the results. Looking at the difference in current detection magnitude, C-AFM 
(A) was approximately 10 orders of magnitude higher than the data collected in the C-AFM (B) 
experiments. It was also noted that in C-AFM (A), new cantilevers were used with each 
temperature in comparison to C-AFM (B) where the same cantilever was used for all experiments 
due to limited quantities of cantilevers. As mentioned previously, it was apparent that in C-AFM 
(B), there was convincing evidence that the AFM tip may have been compromised before testing 
was performed. Therefore, with evidence of tip wear associated with these experiments, it 
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becomes apparent that due to the probable miss fortune of the cantilever used in C-AFM (B), the 
two experiments cannot be compared. It is then suggested that further experiments be performed 
to quantify the current measurements associated with these AFM repassivation test methods and 
that new cantilevers be used with each experiment and characterized pre and post to quantify and 
observe tip effects. 
 
4.3.5 Temperature Effects on C-AFM 
With the C-AFM (A) experiments being performed at 20, 37, and 45 °C it was observed that as 
experiments were performed at increasing temperatures, the average measured current increased.  
It is known that with increased temperature, thermal energy is added to a system through 
increased atomic vibration. This available thermal energy causes atoms to vibrate in metals and 
scatters electrons causing them to lose their kinetic energy and causing them to change their 
direction (Callister, 2003). This scattering effect can be quantified with electron mobility and 
correlates to the frequency of scattering electrons. Therefore, as temperature increases it should 
be observed that electron mobility would decrease as the added thermal energy would increase 
the frequency of scattering electrons.  
However, with the observed increase in current measurements with the increase in temperature, 
the values of electron mobility and conductivity increase as well. In general, this should not be 
true for metals as with increased temperature conductivity decreases as the amount of electron 
carriers are decreased. However, these occurrences are commonly associated with semi-
conductive materials, where the effects of temperature cause the material to increase the amount 
of charge carriers’ available allowing electrons to more readily flow (Askeland & Phule, 2006). 
Given that the data indicated that electron mobility and conductivity increased with an increase in 
temperature. It is evident that the measurements are of a semi-conductive material and are 
representative of the electrical properties associated with TiO2 (Aduda, Ravirajan, Choy, & 
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Nelson, 2004). Therefore, to conclude if the data was in fact representative of TiO2 Equation 4.4 
can be used to plot electrical conductivity of an intrinsic semiconductor versus temperature. 
   σ = no q( µe+ µh) exp(-Eg/2kT)    (4.4) 
Using the data from the conductivity measurements the data was plotted and fit with a 
logarithmic equation (Figure 4.4). The equation was then used to determine an experimental 
parameter σo, and was set equal to no q( µe+ µh) leaving the expression . 
    σ = σo exp (-Eg/2kT)     (4.5) 
From the equation in Figure 4.4b the parameter σo was calculated to be .0025 and using 
Boltzmann’s constant (k) and the testing temperature (T) a band gap energy (Eg) of 0.0617- 
0.0456 eV was calculated. When compared to values observed by Mardare et al. 0.13-0.3 eV it 
becomes evident that that the observed band gap energy is unfortunately orders of magnitude 
lower. These values show that further investigation of the relation of TiO2 as an intrinsic 
semiconductive material is needed to consider temperature effects. 
 
  
4.4 C-AFM Experiments Compared to Oxide Film Growth Model  
As mentioned earlier, repassivation has been studied in detail on the macro and microscales. 
Such studies have developed oxide film growth models that have been theorized to model the 
  
Figure 4. 4 (a)Conductivity measurements at 20, 37, and 45 C showing as temperature increase so does 
conductivity and (b) shows the best function of the plotted data used to calculate the Eg values. 
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kinetics of repassivation. Models such as the Ambrose model states that; as freshly exposed metal 
surfaces begin to grow an oxide film, the area fraction covered by the oxide, Θ increases with 
time (Ambrose, 1983). A similar model that can be used to describe this chemical reaction of 
oxide regeneration is the Langmuir adsorption model. In this model Langmuir assumed that on a 
given surface there are a certain number of binding sites per unit area and of these sites a certain 
number of adsorbate particles that can occupy these sites (Butt, Graf, & Kappl, 2006). Therefore, 
in the case of repassivation or oxide regeneration, as the freshly exposed metal surface as in the 
performed experiments in this paper a created amount of binding sites becomes available to the 
available adsorbate in the system. However, the Langmuir model is based on ideal gasses and is 
primarily used with gases, but its principles of adsorption can be adopted in the case of 
repassivation reactions.  
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5. CONCLUSION 
 
It was the great Roman philosopher Pliney the Elder who first wrote about and studied the 
corrosion phenomena taking place at the surfaces of metals. Pliney first discovered and discussed 
that surfaces act as bodies that interact with each other and external agents (Roberge, 2008). 
Today much scientific advancement has been made toward the understanding of corrosion since 
Pliney’s first discoveries and in this research paper, the stepping-stones for novel innovative 
studies of nanoscale repassivation was presented.  This thesis incorporates sample preparation, 
nano-scratch test methods, and the characterization and analysis of repassivation of Ti-6Al-4V 
with the use of AFM techniques. As a result of this research, promising development of the use of 
AFM to study in-vitro repassivation has been gained. Although, the overall goal of studying 
repassivation on Ti-6Al-4V in-vitro with the characterization of conductance measurements was 
not fully accomplished, the results do provide proof of concept for further studies.  
It was concluded that with the development of the created nano-scratch test methods in the IV-
AFM experiments, the AFM was capable of creating in-vitro scratches on the anodized oxide 
layers. Unfortunately, with the use of the z-sensor data, the AFM was not capable of observing 
repassivation after creating scratches, as the AFM scanner was determined to be too slow.  
In the in-vitro C-AFM experiments, the AFM did not capture evidence of repassivation with the 
AFM conductive module after creating scratches in HBSS, but rather was affected by the excess 
of ions in the solutions creating amplified current measurements that the conductance module was 
unable to resolve. The C-AFM experiments performed in air however were capable of resolving 
current measurements post nano-scratch methods. Unfortunately, repassivation was unable to be 
observed with the performed techniques. The collected data rather indicates the observation of 
oxidation growth as the methods employed with the AFM were too slow to capture the 
instantaneous reactions. However, during these experiments observations of thermal effects with 
the current measurements were observed with each testing temperature. With the observed 
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current measurement, the data was then able to observe temperature effects on conductivity and 
electron mobility during the performed testing conditions indicating that what was observed was 
representative of semiconductive properties. Incidentally, the collected data was also capable of 
measuring electron mobility and conductivity that was similar to other studied performed on TiO2 
and shows evidence that conductive AFM is adequate to further explore the semi-conductive 
properties of TiO2. 
Regarding the in-vitro repassivation experiments, the results of this research require further 
refinement to determine how to combine the ability of the AFM to create nano-scratches, as well 
as perform conductance measurements in-vitro. By combining these two abilities more accurate 
assessments of in-vitro repassivation kinetics can be achieved on the nanoscale to better 
understand repassivation and biological implications of repassivation corrosion for the prevention 
of late on-set infections.  
Upon concluding this research one can say that repassivation of an implants protective layer is 
a great thing as it is the electrochemical process in which the protective layer is restored. 
However, if a condition occurs where cyclic damage occurs to an implants protective oxide layer, 
a piece-wise condition of repassivation occurs. In this case, the piece-wise or cyclical condition of 
repassivation is better known as fretting corrosion or tribocorrosion. In this later state of 
tribocorrosion, biological implications can be detrimental. As cyclic electrochemical reactions 
occur over time, they can have the same unfavorable outcome as continuous corrosion. Resulting 
most often in, implant removal or unwanted implant failure. In general as described at the nano 
and macroscale, repassivation is a chemical reaction that occurs during the dissolution of a metal 
in a corrosive environment (e.g. human internal environment). These chemical reactions result in 
by-products such as the release of ions, the transfer of electrons, and eventually implant debris 
that can interact with the surrounding environment (host) and result in prolonged foreign body 
responses. These FBR’s are the human body’s natural response to foreign objects (e.g. ions, 
implant debris, & implants) and the body will continue to try and remove these foreign bodies 
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with immunological responses, macrophages, and protein encapsulation until the implant is 
removed. During the release of these immunological responses, infection can occur and with 
cyclic conditions of repassivation resulting in the accumulation of puss, infectious tissue, and 
implant debris. In the case of the sinus infection observed locally around loose screws in spinal 
fixation devices (Soultanis, Mantelos, Pagiatakis, & Soucacos, 2003), this is most likely the cause 
of these sinus tracts, as a screw implant interface is an ideal location for fretting or tribocorrosion 
to occur. With cyclical compression cycles associated with normal walking biomechanics, spinal 
fixation devices can be subjected to stresses that can cause loosening of implant screws. Overtime 
as these cyclic stresses continue implant screws can become looser, affecting the tribological 
interaction between the two surfaces.  As the screw continues to loosen the tribological effects 
progressively worsens from micro motion to macro-motion and particulate generation. At this 
state of particulate generation and ion dissolution infections can develop. Therefore, these sinus 
tract infections cannot be said to be directly caused by repassivation, but rather caused by a 
cascade of events that were initiated from repassivation and corrosion. Therefore, a better 
understanding of repassivation and corrosion at the nanoscale is needed to better understand the 
originating mechanisms of late on-set infections in patients with orthopaedic implants. 
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6. RECOMMENDATIONS FOR FUTURE WORK 
 
The work performed in this thesis was intended to develop AFM techniques for creating and 
characterizing nano-repassivation of Ti-6Al-4V in-vitro and in air. The following areas presented 
are intended to present some of the issues that came about during this study and which can be 
used to build upon for future research.  
6.1 Sample Fabrication 
6.1.1 Polishing 
The use of metallography polishing techniques to prepare smooth flat samples in this study 
proved to have excessive variability in surface characteristics. The use of metallography polishing 
techniques did not provide samples that were consistently flat and polished to the same extent. 
When using AFM techniques, it becomes imperative that samples be as flat and smooth as 
possible as even the slightest of uneven samples can affect the AFM during use.  
Identically prepared smooth samples with the use of micro fabrication techniques should be 
considered to control flatness, substrate morphology, oxide thicknesses, and allow for oxide 
measurability. With the use of microfabrication techniques, samples can all be prepared on a 
single silicon wafer with the ability to fabricate integrated circuits within in the samples that 
could also be used with conductive AFM experiments.  
6.1.2 Anodization 
With the use of electrochemical anodization methods, oxides were grown to a thickness to ~15-
20 nm. As mentioned previously the prepared samples proved to be difficult to accurately 
measure oxide thicknesses prior to testing. The lack of microscopy techniques to measure such 
thin oxides in-house as well as accurate sources elsewhere resulted in undetermined oxide 
thicknesses prior to testing. The estimated oxide thicknesses were determined with literature 
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equations and correlated growth methods (Sul, Johansson, Jeong, & Albrektsson, 2001).  
An accurate method of determining oxide thicknesses would have provided accurate starting 
oxide measurements prior to testing, allowing for verification that the scratch depths created with 
the AFM were indeed penetrating the entire oxide layer. The use of X-ray photo spectroscopy 
(XPS) could be used to accurately measure oxides before performing experiments. The use of 
XPS has been proven to be successful in other studies and should be considered for future 
experiments (Milosev, Hukovic, & Strehblow, 2000). 
6.1.3 In-House Fabrication 
In an effort to minimize research costs, in-house fabrication of silicon cantilevers can be 
attempted. Using microfabrication techniques to pattern and etch silicon, cantilevers can be 
fabricated by the hundreds with each wafer. Identically prepared smooth samples with the use of 
micro fabrication techniques should be considered to control flatness, substrate morphology, 
oxide thicknesses, and allow for oxide measurability.  
With the use of microfabrication techniques, samples can all be prepared on a single silicon 
wafer with the ability to fabricate integrated circuits within in the samples that could also be used 
with conductive AFM experiments. Utilizing the Rohwedder in the clean room, titanium can be 
sputtered on to a silicon wafer where the thickness can be controlled. After sputtering a uniform 
layer of titanium, controlled oxide growth methods can be performed to grow an oxide. Thermal 
oxidation can be attempted with the use of the tube furnaces as well as electrochemical methods 
in the wet bench. Using known oxide growth methods simple microfabrication techniques to 
measure oxide thickness can be utilized such as ellipsometry. This technique was originally 
attempted, but the non uniform oxide sample surfaces being too rough too much light was 
scattered affecting the measurements of refractive index that is used to determine the oxide 
thickness.  
As the subject of investigation was repassivation at the nanoscale, it only makes sense to 
65 
  
embrace the micro/nanofabrication abilities of samples to help better understand and emulate 
what actually occurs at the nanoscale. 
6.2 AFM Techniques 
  Initially the goal of this research was to develop and perform in-vitro characterization methods 
for exploring repassivation surface effects from AFM scratch methods. Unfortunately, it was 
discovered that conductive AFM is extremely difficult to perform in a conductive fluid. Therefore 
the initial experiments were altered to allow the use of conductive AFM in air. Therefore, further 
research on developing a test method for performing conductive AFM scratch tests in HBSS is 
needed to decipher how to perform repassivation conductance measurements in a conductive 
media.   
However, overall there were several advancements to this study: analysis of the ability to create 
in-vitro nano-scratch test methods for the characterization of repassivation with the use of AFM; 
and the ability to characterize repassivation with conductive AFM techniques in air.  To 
improve the methods of measuring repassivation kinetics, some key additions can help to improve 
the kinetic observations. Coupling the existing AFM Bioheater Petridish accessory with a 
potentiostat to be able create and measure OCP’s while performing nano-scratches with the AFM 
tip. Another method to improve the C-AFM experiments, would be to use a lock-in amplifier. The 
lock-in amplifier allows for accurate measurements to be taken when the original signal that is 
trying to be measured is obscured by other noise sources such as; frequency signals from electron 
and ionic transport as well as other outside signal sources. This will help with trying to resolve 
the nano-femto amps of current.  
In this study, the use of the AFM allowed for the characterization of repassivation in new 
unique ways. To improve upon these methods, the use of cantilever tips with greater mechanical 
strength and durability would prove to be beneficial for manipulating the oxide surfaces. With the 
limited funding for this research cantilever tips were at a premium and often reused to extend the 
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use of the cantilever. By having an abundant source of cantilevers, refined characterization can be 
achieved. The use of a nanoindentor to replicate the experiments performed in this paper may 
prove to be beneficial as the nanoindentor is a much more mechanically sturdy design for 
manipulating substrates on the nanoscale.  
Additional AFM studies may further analyze in-vitro nano-repassivation behavior of Ti-6Al-4V 
oxide growth rates, behavior in the conductance of oxide regeneration in-vitro, and effects of 
electron mobility in oxides and how it affects repassivation in-vitro. With the use of AFM, more 
information about nano repassivation can be explored with refined techniques and should be 
combined with atomistic simulation. Through combining atomistic simulation with actual AFM 
data, virtual nano scratches can be created on substrates and then compared to AFM techniques. 
The combination of the two would allow for further development of nano manipulation for 
biomedical and biological research. 
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